ZnO thin films were epitaxially grown on ␣-Al 2 O 3 ͑0001͒ single-crystal substrates by rf magnetron sputtering. The films were grown at substrate temperatures of 550-600°C for 1 h at a rf power of 60-120 W and Ar/O 2 ratios of 1-4. The crystalline structure of the ZnO films was analyzed by four-circle x-ray diffraction ͑XRD͒ and Rutherford backscattering ͑RBS͒/channeling. For the ZnO films deposited at 550°C, the full width at half maximum ͑FWHM͒ of the XRD -rocking curve of the ZnO ͑0002͒ plane was found to be increased from 0.16°to 0.3°as the rf power was increased from 80 to 120 W. The in-plane epitaxial relationship of the ZnO film on ␣-Al 2 O 3 ͑0001͒ substrates was found to be ZnO ͓1010͔ ʈ ␣-Al 2 O 3 ͓1120͔, indicating a 30°rotation of the ZnO unit cell with respect to the ␣-Al 2 O 3 ͑0001͒ substrate. For the specimen grown at 600°C, the FWHM of the XRD -rocking curve was 0.13°. In RBS/channeling studies, the films, which were deposited at 600°C and 120 W, showed good crystallinity, with a channeling yield minimum ( min ) of only 3.5%, whereas min for the films deposited at 550°C was as high as 50%-60%, indicating poor crystalline quality. In the case of photoluminescence ͑PL͒ measurements, sharp near-band-edge emission was observed at room temperature. The FWHM of the PL peak decreased from 133 to 89 meV at a growth temperature 550°C by increasing the rf power. For the films deposited at 600°C, a FWHM of the PL peak of 75-90 meV was observed, which is the lowest value reported to date. From the results of both XRD and PL measurement, it was found that the crystallinity of the films grown at 550°C improved, but its optical property degraded. With increasing rf power, the films show a deep-level emission in the presence of higher mixtures of Ar:O 2 because a considerable amount of activated oxygen was supplied in the ZnO films with an increase of rf power. From transmission electron microscopy and atomic force microscope analyses, the grain size and defects were found to affect the PL properties. The relationship between optical properties and crystal quality is discussed in terms of crystalline structure and grain size.
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I. INTRODUCTION
In the field of optoelectronics, wide-band-gap semiconductors such as GaN and its alloys, which include InGaN and AlGaN, have attracted enormous attention because of their potential for use in light-emitting diodes and shortwavelength diode lasers. 1 Recently, ZnO has also emerged as a promising material. The latter has a large direct band gap of 3.37 eV, a low power threshold for optical pumping at room temperature ͑RT͒, and emits ultraviolet ͑UV͒ radiation as the result of a large exciton binding energy of 60 meV at RT. Stimulated excitonic emission and the lasing due to excitonic processes from bulk ZnO ͑Ref. 2͒ and roomtemperature optically pumped lasing in the ZnO films on sapphire have been reported. 3 High-quality ZnO thin films can be obtained via metal organic chemical vapor deposition ͑MOCVD͒, 4 laser molecular-beam epitaxy ͑MBE͒, 5 plasmaassisted MBE, 6 and pulsed laser deposition ͑PLD͒ 7 . ZnO thin films were also grown on small lattice mismatched 6H-SiC ͑Ͻ5%͒ with a high-quality lattice matched GaN buffer layer ͑Ͻ1.9%͒. 8 On the other hand, AlN thin films were grown on ␣-Al 2 O 3 with a high-quality ZnO buffer by PLD, 8 GaN was grown on a ZnO buffer by MOCVD, 9, 10 and GaN on ZnO ͑0001͒ single crystal by reactive MBE.
The present study reports the growth of highly c-axisoriented ZnO thin films on sapphire single crystals using horizontal target-face rf magnetron sputtering. The photoluminescence characteristics at RT can be explained by comparing the results obtained by x-ray diffraction ͑XRD͒, transmission electron microscopy ͑TEM͒, atomic force microscopy ͑AFM͒, and Rutherford backscattering spectrometry ͑RBS͒/channeling studies.
II. EXPERIMENT
The ZnO thin films were grown on sapphire ͑0001͒ substrates using rf magnetron sputtering of horizontally parallel type. Commercial sintered ZnO ͑99.999%͒ targets, 2 in. in diameter and mixed plasma of Ar and O 2 were used for sputtering. The ZnO films were deposited at substrate temperatures of 550 and 600°C for 1 h. After the growth of ZnO, the films were cooled in an oxygen atmosphere of 10 mTorr to further supplement oxygen to the ZnO films, which are grown in an oxygen deficient environment. The working pressure was 10 mTorr with a mixed ratio of Ar/O 2 gas being varied from 1:1 to 4:1. The substrates were mounted horizontally 5 cm from the target. The rf power was varied from 60 to 120 W.
The crystallinity of the as-deposited ZnO films was measured by four-circle XRD rocking of the ZnO ͑0002͒ plane and RBS/channeling. Epitaxial relations between ZnO films and the sapphire substrate were investigated by an XRD scan. RBS/channeling was carried out using 2 MeV 4 He ϩϩ particles with a scattering angle of 170°. The microstructure of the ZnO film and the interface of ZnO/␣-Al 2 O 3 ͑0001͒ were analyzed by TEM. The surface morphology of the deposited ZnO films were measured by scanning a 5 mϫ5 m area by AFM. Photoluminescence ͑PL͒ spectra of the as-grown ZnO films were taken using a 40 mW He-Cd laser ͑ϭ325 nm͒ at room temperature. Figure 1 shows an XRD -rocking curve of the ZnO ͑0002͒ plane and a scan for the ZnO thin films deposited on an ␣-Al 2 O 3 ͑0001͒ substrate as a function of rf power and substrate temperature. For the case of the ZnO films deposited at a fixed growth temperature of 550°C with a rf power ranging from 60 to 120 W, the full width at half maximum ͑FWHM͒ of the x-ray -rocking curve had the lowest value of 0.16°at a rf power of 80 W. The films were found to be highly c axis orientated as shown in Fig. 1͑a͒ . When the rf power increased from 80 to 120 W, the value of the FWHM increased to 0.3°-0.44°, indicating the formation of a noncolumnar structure. The probable reason for this is that, at power lower than 80 W, an insufficient amount of energy was provided for the sputtered atoms to efficiently migrate on the substrate surface. For power levels higher than 80 W, a rapid growth rate leads to conditions of unstable grain growth in the ZnO thin films, which degrades the crystallinity of the ZnO thin films. In order to solve this problem, the growth temperature was increased to 600°C. As shown in Fig. 1͑a͒ , the FWHM of XRD -rocking curve of the ZnO film, which was deposited at 120 W and 600°C, is 0.13°, indicating a higher degree of crystallinity than that of films deposited at 550°C.
III. RESULTS AND DISCUSSION
The in-plane alignment of the ZnO film grown on an ␣-Al 2 O 3 ͑0001͒ substrate at 550°C and 80 W was measured using the scan of the four-circle XRD ͓Figs. 1͑b͒ and 1͑c͔͒. The (0112) plane of ZnO films showed sixfold symmetry on the sapphire ͑0001͒ substrate. 11 The (1123) fold symmetry were also measured for comparison. These results reveal that the unit cell of the ZnO films is rotated 30°w ith respect to the unit cell of the sapphire ͑0001͒ substrate. 12 As a result, the in-plane epitaxial relationship was found to be ZnO ͓1010͔ ʈ ␣-Al 2 O 3 ͓1120͔. This epitaxial relationship can be understood from the fact that the oxygen sublattice in the ␣-Al 2 O 3 ͑0001͒ substrate matches the Zn sublattice in the ZnO thin film, which is similar to the case of the AlN and GaN grown on the ␣-Al 2 O 3 ͑0001͒ substrate. 13 Such a relationship was also observed in the RBS/ion channeling measurements. Figure 2͑a͒ shows the channeling polar-scan spectrum of the ZnO film and an ␣-Al 2 O 3 ͑0001͒ substrate. This spectrum also shows that the unit cell of the ZnO film is rotated 30°with respect to the unit cell of the ␣-Al 2 O 3 ͑0001͒ substrate. The crystal quality of epitaxially grown ZnO films was investigated by measuring the channeling yield using the RBS/ion channeling technique. For ZnO thin films grown at 550°C and 60 and 80 W ͓Fig. 2͑b͔͒, the minimum channeling yield ( min ) is 50%-60% and the channeling yield exhibits a steep increase with depth. Increasing the rf power to 120 W does not lead to a reduction of the minimum channeling yield ( min ). However when the growth temperature increased to 600°C with a power of 120 W, the aligned spectrum for the ZnO film showed a min value of only 3.5% ͓Fig. 2͑c͔͒. The film deposited at 600°C and 120 W appears to be highly c axis oriented, with large grains and fewer defects. This conclusion is also consistent with the fact that increasing growth temperature leads to improved crystal quality in ZnO films. A TEM analysis, for the ZnO films grown at 550°C ͓Figs. 3͑a͒ and 3͑b͔͒, indicated that the columns in the film grown at 80 W were highly c axis oriented, but no columnar structure could be observed for those grown at 120 W. The grain size of the ZnO film grown at 120 W is larger than that of the film deposited at 80 W. For the case of the ZnO film grown at 600°C and 120 W, the grain size is the largest and the c-axis orientation is excellent ͓Fig. 3͑c͔͒. From TEM images, we conclude that a high rf power results in grain growth of ZnO films. Thus, when the growth temperature is low, a lower growth rate is needed for improvement in crystallinity. Figure 4 shows the surface morphology, as characterized by AFM. As the rf power increased, the surface roughness of the ZnO film deposited at 550°C increased. Prominent hexagonal features can be clearly seen in the film deposited at 600°C and 120 W.
Therefore, the increase of rf power had an effect on the increase of grain size and surface roughness but the improvement of crystallinity was affected, not only by the rf power but also by the growth temperature.
In the PL spectra, for the films grown at a temperature of 550°C, near-band-edge ͑NBE͒ emission without a deep-level emission is observed, except for the films deposited at 60 W ͓Fig. 5͑a͔͒. The position of the NBE peak is around 3.3 eV. Of the films deposited at 550°C, the largest FWHM of the NBE peak in the PL spectra of 113-133 meV was observed for the film grown at 80 W, in which the lowest value of 89-91 meV at 120 W. This indicates that the optical properties of ZnO films are improved by increasing the rf power. For the ZnO films grown at 550°C, the PL spectra show a trend that is opposite to the XRD results. The crystallinity of ZnO films grown at 80 W was superior to that of films grown at 120 W, whereas the PL properties of the ZnO films deposited at 120 W were better than those deposited at 80 W. For ZnO films grown at 600°C, when the rf power is at 120 W, the FWHM value of the PL spectrum curve was in the 75-90 meV range and these values are believed to be smaller than any previously reported values. Considering the -rocking FWHM value of 0.13°, both crystallinity and optical properties are improved simultaneously. Thus, our findings show that the PL property of thin films is improved because the grain size increases with rf power, even if the crystallinity of the ZnO films was degraded due to an increase in the mosaicity of the films. The luminescence of GaN/sapphire was reported to be inhomogeneous and the deep level emission of GaN in small crystallites appears to originate from extended defects inside the grain and the size of the band-to-band emission site correlates with low-angle grain sizes.
14 In the present work, a similar phenomenon was observed in the structure of ZnO/sapphire.
Figures 5͑b͒ and 5͑c͒ show PL spectra of ZnO films deposited at 600°C for different Ar/O 2 ratios. For rf power of 100 W weak deep-level emission can be observed only for the film which had been deposited under mixtures of Ar:O 2 ϭ3:1 and 4:1. For 120 W deep-level emission only can be observed for the film deposited under a mixture of Ar:O 2 ϭ4:1. However in the latter case, the film has almost the same XRD -rocking curve FWHM of 0.13°and minimum yield of 4%-5% as the film deposited at Ar:O 2 ϭ1:1. Comparing Fig. 5͑b͒ with Fig. 5͑c͒ , the ratio of Ar:O 2 , from which deep-level emission originates is slightly increased from 3:1 to 4:1 as the rf power is increased from 100 to 120 W. A possible reason for this may be that more active oxygen is supplied at a higher rf power, so that oxygen participates more efficiently in the formation of Zn-O chemical bonding. Collectively, those data lead us to the conclusion that the origin of deep-level emission in the ZnO films could be due to a lack of oxygen, i.e., the existence of an oxygen vacancy.
IV. CONCLUSIONS
In this study, ZnO thin films were epitaxially grown on a sapphire ͑0001͒ substrates using rf magnetron sputtering. The ZnO films which were deposited at 120 W and 600°C exhibit optimum values for XRD -rocking FWHM and channeling minimum yield of 0.13°and 3.5%, respectively. The corresponding FWHM of PL at RT is 75 meV, which is smaller than previous observations. Through TEM and AFM studies, the PL properties of ZnO films have been found to be closely related to the microstructure of the film, e.g., the grain size and defects. Our results clearly suggest that high quality heteroepitaxial ZnO films on sapphire substrates can be grown by rf magnetron sputtering for use in optoelectronic device applications.
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